In this paper, the wind-wave-current interaction mechanisms in tropical cyclones and their effect on the surface wave and ocean responses are investigated through a set of numerical experiments. The key element of the authors' modeling approach is the air-sea interface model, which consists of a wave boundary layer model and an air-sea momentum flux budget model. The results show that the time and spatial variations in the surface wave field, as well as the wave-current interaction, significantly reduce momentum flux into the currents in the right rear quadrant of the hurricane. The reduction of the momentum flux into the ocean consequently reduces the magnitude of the subsurface current and sea surface temperature cooling to the right of the hurricane track and the rate of upwelling/downwelling in the thermocline. During wind-wave-current interaction, the momentum flux into the ocean is mainly affected by reducing the wind speed relative to currents, whereas the wave field is mostly affected by refraction due to the spatially varying currents. In the area where the current is strongly and roughly aligned with wave propagation direction, the wave spectrum of longer waves is reduced, the peak frequency is shifted to a higher frequency, and the angular distribution of the wave energy is widened.
Introduction
The passage of a tropical cyclone (TC) over a warm ocean represents one of the most extreme cases of airsea interaction. The most apparent effects of TC passage are marked sea surface temperature (SST) cooling of 18 to 58C, strong current velocities of more than 2 m s 21 , and large surface gravity waves. It is well established that the intensity of a TC over an open ocean may be significantly affected by the cooling of SST caused by air-sea interaction (Khain and Ginis 1991; Schade and Emanuel 1999; Cione and Uhlhorn 2003; Ren and Perrie 2006) . Three-dimensional coupled atmosphereocean research and operational models have been developed to simulate and predict the mutual response of a TC and the ocean (Ginis et al. 1989; Bender and Ginis 2000; Bender et al. 1993; Bao et al. 2000; Bender et al. 2007; Chen et al. 2007; Surgi 2007) . One such coupled model, the Geophysical Fluid Dynamics Laboratory-University of Rhode Island (GFDL/URI) hurricane-ocean prediction system, has been used operationally at the NOAA National Centers for Environmental Prediction (NCEP) since 2001 (Bender et al. 2007 ). The GFDL/ URI model has demonstrated steady improvements in TC intensity prediction over the last several years. Another fully coupled model, the Hurricane Weather Research and Forecast (HWRF) model, became operational at NCEP in 2007 (Surgi 2007) .
Previous numerical modeling studies of the ocean response to TCs (Price 1981; Ginis and Dikinov 1989; Jacob et al. 2000; Morey et al. 2006 ) pointed out that the major factor that governs the SST response to hurricanes is the momentum flux at the sea surface. Although many experimental and theoretical studies have shown that momentum flux is strongly dependent on the waveinduced processes near the ocean surface (Drennan et al. 2003; Hara and Belcher 2004; Moon et al. 2004a,b; Fan et al. 2008a , manuscript submitted to J. Geophys. Res., hereafter FanA; Fan et al. 2008b , manuscript submitted to J. Geophys. Res., hereafter FanB), the role of wind-wave-current coupled processes is not well understood and therefore often ignored.
Proper evaluation of the sea state dependence of airsea fluxes requires modeling the wave boundary layer (lower part of the atmospheric boundary layer that is affected by surface waves) and the equilibrium range of wave spectra. Based on the equilibrium wave spectrum model by Hara and Belcher (2002) , Hara and Belcher (2004) developed a wave boundary layer model and estimated the air-sea momentum flux over fully developed seas by explicitly calculating the form drag due to nonbreaking waves. Moon et al. (2004a,b) have coupled the NOAA wave model, WAVEWATCH III (WWIII), the equilibrium wave spectrum model, and the wave boundary layer model to predict the air-sea momentum fluxes over any given surface wave fields, including those under TCs. Their results show that the drag coefficient is spatially variable and is generally reduced at very high wind speeds under TCs, consistent with field observations (Black et al. 2007) .
Traditionally, the momentum and turbulent kinetic energy (TKE) fluxes from wind to waves are assumed to be identical to the flux into subsurface currents due to wave breaking, based on the assumption that no net momentum (or TKE) is gained (or lost) by surface waves. This assumption, however, is invalid when the surface wave field is not fully developed. Especially under TC conditions, the surface wave field is complex and fast varying in space and time, and may significantly affect the air-sea flux budget. Typically used in ocean models, bulk parameterizations of air-sea fluxes (Fan et al. 2005 ) assume that 1) the momentum and TKE fluxes are independent of the sea state and no net momentum and TKE is gained (or lost) by surface waves and 2) the effect of wave-current interaction is negligible on both the ocean current and surface gravity wave fields. FanA and FanB investigated the effect of surface gravity waves on the momentum and TKE transfer budget across the air-sea interface under growing seas and TC conditions. They found that the momentum and TKE fluxes into ocean currents could be significantly less than the fluxes from air when the wave field is growing and extracting momentum and TKE, particularly in the right rear quadrant of the TC. In an idealized TC with maximum wind speed of 45 m s 21 moving with a forward speed of 5 m s 21 , this reduction is up to 6% for the momentum flux and 9% for the TKE flux on the right side of the storm. This difference highlights the significance of the air-sea flux budget analysis in coupled models.
Theoretical (Kenyon and Sheres 2006) and numerical (Tolman et al. 1996) studies have pointed out that, if the ocean currents have a large horizontal gradient, they may significantly affect the surface gravity wave field. Since strong surface currents with large horizontal gradients are typically observed under TC forcing, wavecurrent interaction can be important in the air-sea interaction processes during TCs. The strong TC-induced ocean currents may also affect the momentum flux into the currents due to the difference between the wind and the current.
The goal of this paper is to investigate the effects of wind-wave-current interaction on the ocean response to TCs using a coupled wind-wave-ocean model that includes explicit calculations of the wave boundary layer and the near-surface momentum flux budget. In particular, we seek to determine the effect of windwave-ocean coupling on the momentum fluxes into the ocean and wave models and the resulting ocean current and wave simulations. The outline of this paper is as follows. The wind-wave-ocean model and methodology of flux calculation are described in section 2. The experimental design is presented in section 3, and the results are discussed in section 4. Finally, a summary and conclusions are presented in section 5.
The coupled wind-wave-ocean model
A schematic diagram of the coupled wind-waveocean model developed in this study is shown in Fig. 1 . The model includes three key processes that affect the air-sea momentum flux: sea state dependence, air-sea momentum flux budget, and wave-current interaction. Below we describe the components of the coupled model and the physics of their interaction.
a. Tropical cyclone wind model
In this study, we use a simple TC wind field model, based on the analytical framework proposed by Holland The arrows indicate the prognostic variables that are passed between the model components. Here, U 10 is the 10-m wind vector, U c is the current at L/4p depth (where L is the wavelength) from the ocean model, t air is the momentum flux from the air (wind stress), t c is the momentum flux into currents, c peak (k,u) is the wave spectrum around the peak, c(k,u) is the full wave spectrum, and f pi is the input peak frequency. (1980) . The model requires the central and ambient pressure, the maximum wind speed (MWS), and the radius of maximum wind speed (RMW) as inputs; it outputs wind speed as a function of radial distance from the center. In this study, the central and ambient pressure are set to be 968 hPa and 1012 hPa, respectively; the MWS is set to be 45 m s 21 ; and the RMW is set to be 70 km. Real TCs are usually asymmetric in shape, with higher wind speed typically to the right of the TC track. The asymmetry of the wind field in our experiments is created by adding half of the translation speed (5 m s 21 in this study) to the symmetric wind field, following Price (1981) .
b. Ocean model
The ocean response is calculated using the Princeton Ocean Model (POM). In brief, POM is a threedimensional model structured on the primitive hydrodynamic equations with complete thermohaline dynamics (Blumberg and Mellor 1987) . This model is fully nonlinear and incorporates the Mellor and Yamada level-2.5 turbulence closure scheme (MY scheme) (Mellor and Yamada 1982) . After coupling POM with the GFDL hurricane model, Bender and Ginis (2000) have shown that the MY scheme produces good SST comparison with observations under hurricane conditions. They have also shown through real case studies that the coupled model significantly improves intensity prediction for Hurricanes Felix, Fran, Opal, and Gilbert. The GFDL hurricane-ocean coupled model was also tested on 163 cases during the 1995-98 hurricane seasons with significantly improved intensity forecasts obtained, particularly for the central pressure, which showed reductions in forecast errors of 26% (Ginis et al. 1999 ). Based on these results, the GFDL hurricane-ocean coupled model became operational in 2001. After comparing model results using five different mixing schemes with observations, Jacob et al. (2005) also concluded that the K profile parameterization (KPP) (Large et al. 1994) and MY schemes compare best to observations, followed closely by the Goddard Institute for Space Studies (GISS) scheme (Canuto et al. 2001) . The HWRF operational hurricane coupled model also utilizes POM as its ocean module. In this study, the horizontal model domain of POM is set to be 308 latitude by 188 longitude with a grid increment of 1 / 12 8 in both directions. The Coriolis parameter is set to be a constant and equal to 3.76 3 10 25 . The water depth is set to 2000 m for the whole model domain with 38 levels in the vertical. A vertical resolution of 10 m is used for the top 150 m. The ocean is assumed to be initially at rest and horizontally uniform. The initial vertical structure is defined using the climatological temperature profile in the Gulf of Mexico (258N, 908W) for the month of September, as shown in Fig. 2 .
c. Wave model
We use the WWIII surface wave model developed and used operationally at NCEP (Tolman 2002) . It explicitly accounts for wind input, wave-wave interaction, and dissipation due to white-capping and wave-bottom interaction and solves the spectral action density balance equation for directional wavenumber spectra. The wave spectrum of the model is discretized using 24 directions and 40 intrinsic (relative) frequencies extending from 0.0285 to 1.1726 Hz, with a logarithmic increment of f n 1 1 5 1.1f n , where f n is the nth frequency. The intrinsic frequency is related to the wavenumber (magnitude) k through the dispersion relation. In our experiments, the wave model domain is also set to 308 latitude by 188 longitude with a grid increment of 1 / 12 8 in both directions. The water depth is set to be 2000 m for the whole model domain so that surface gravity waves have no interaction with the bottom. The standard output of the model also includes the significant wave height, the mean wavelength, and the input peak frequency f pi , which corresponds to the peak of the windforced part of the wave spectrum.
d. Air-sea interface model
The air-sea interface model consists of the wave boundary layer model (WBLM) and the air-sea momentum flux budget model (Fig. 1) . The WBLM is described in detail in Moon et al. (2004a) and is used to estimate the momentum flux from air, or wind stress (t air ), that depends on the sea state. First, the complete wave spectrum c(k, u) is constructed by merging the WWIII spectrum c peak (k, u) in the vicinity of the spectral peak with the spectral tail parameterization c tail (k, u) based on the equilibrium spectrum model of Hara and Belcher (2002) . Here k is the wavenumber and u is the wave direction. Next, the wind profile and the wind stress profile are calculated based on the momentum and energy conservation across the wave boundary layer (Hara and Belcher 2004 ). Since the model treats the wind stress as a vector quantity to consider the influence of dominant waves that propagate at a large angle to the local wind, it allows us to estimate the wind stress t air for any given surface wave field, even for complex seas encountered under TCs. In practice, the misalignment between the mean wind vector and the mean stress vector is at most a few degrees under TCs (Moon et al. 2004b) . In our coupled model, the ocean current has two ways of affecting the momentum flux and wave field. One way is through changing the 10-m wind velocity (U 10 ) input to the WBLM by subtracting the current velocity U c from U 10 so that its magnitude and direction will change with the current. Consequently, the wind stress is modified. Another way is through the wave action equation in the WWIII:
where N 5 c/v is the wave action spectrum, v is the relative (intrinsic) angular frequency (v 5 2pf), c g is the group velocity, k is the wavenumber vector, s is a coordinate in the wave direction, m is a coordinate perpendicular to s, and U c is the ocean current at depth of L/4p (L is the mean wavelength calculated in WWIII).
Refer to the appendix for explanation of why the current at depth L/4p is used for the WWIII input. The variable ocean current not only modifies the speed of the wave action flux [second term of Eq. (1)] but also modifies the wavenumber of a particular wave packet as it propagates [third and fourth terms of Eq. (1)].
In the air-sea momentum flux budget model, the differences between the momentum flux from air (t air ) and that into subsurface currents (t c ) are estimated by explicitly calculating the momentum flux gained (or lost) by surface waves. The total momentum and the momentum flux in the wave field are first calculated from the complete wave spectrum obtained in WBLM. Then, the horizontal divergence of the horizontal momentum flux and the local time derivative of total momentum in the waves are calculated and subtracted from (or added to) the air input, t air 5 (t air x , t air y ), to obtain t c 5 (t c x , t c y ).
The horizontal momentum in x and y directions (M x and M y ) contained in the wave field are obtained from the complete wave spectrum as
The horizontal fluxes of M x and M y are obtained as
where MF xx is the horizontal flux of M x in the x direction, MF xy is the horizontal flux of M x in the y direction, MF yy is the horizontal flux of M y in the y direction, and MF yx is the horizontal flux of M y in the x direction. Then, the momentum flux t c into subsurface currents is calculated as
On the right-hand side in Eqs. (8) and (9), the first term stands for the momentum flux input from air (wind stress), the second term in parentheses is the horizontal divergence of horizontal momentum flux, and the third term is the local time derivative of momentum in waves-that is, the momentum gained (lost) by growing (decaying) waves. This model was used by FanA and FanB to examine the air-sea momentum flux budget under growing seas and under TCs.
The experimental design
All numerical experiments in this paper are summarized in Table 1 and the corresponding diagrams for each experimental design are shown in Figs. 1 and 3. For simplicity, we assume that a TC is moving northward with constant translation speed 5 m s 21 in all experiments. In the control experiment, the momentum flux from the air t air is calculated by the WBLM at every time step and then used to force the WWIII and POM. There is no feedback from POM to WBLM in this experiment; therefore, it represents a one-way interaction between the atmosphere and ocean. In experiment A, the air-sea momentum flux budget calculation is included as described by Eqs. (8) and (9) in which the net momentum flux gain in the wave field is subtracted from t air and the remaining momentum flux t c is used to force POM. Since there is no feedback from the ocean to atmosphere in this experiment, it also represents a one-way interaction. In experiment B, a two-way interaction is introduced by including the ocean current effects. There are two ways that the ocean current U c impacts the momentum flux and wave field: 1) in the calculation of t air in the WBLM (i.e., the effective wind forcing becomes U 10 2 U c rather than U 10 ) and 2)in the wave action equation (1) that is solved in WWIII. Both effects are included in experiment B. The air-sea momentum flux budget calculation is excluded in this experiment; that is, t air is used to force POM. Experiment C is designed to determine which current effect is more important; it is the same as experiment B except that the effect of current in the wave action equation (in WWIII) is not considered. Finally, all the above effects are considered in experiment D through a complete windwave-current interaction by using t c to force POM and the feedback of U c to WBLM and WWIII at every time step.
Results and discussion

a. Control experiment
The wind stress in the control experiment (see diagram in Fig. 3) at 84 h is shown in Fig. 4a . It is rightward biased relative to the TC track owing to the imposed asymmetry in the wind field. The asymmetry in the momentum flux is further enhanced by the hurricaneinduced waves (Fig. 5a ). The waves in the right front 
3. Experimental design for the control experiment and experiments A-C. The experimental design for experiment D is given in Fig. 1 . The variables in this figure are the same as described in Fig. 1 .
quadrant of the storm track are higher and longer due to the resonance effect caused by the movement of the hurricane (Moon et al. 2004b) , while those in the left rear quadrant are lower and shorter. The wave field pattern is in good agreement with observations and other modeling studies (Wright et al. 2001; Moon et al. 2003) . Figure 4b shows the currents in the upper ocean in the control experiment. The structure of the internal nearinertial frequency wave wake is represented by alternating cells of upwelling and downwelling, as indicated by the vertical velocity contours in Fig. 4b . The rightward bias in the surface current field is a characteristic feature of the ocean response to a moving storm and is well known from previous observational and numerical studies (Price 1981; Ginis 2002) . The rightward bias in the sea surface temperature cooling shown in Fig. 4c is a result of the rightward bias in the hurricane-induced turbulent mixing in the water column. The maximum cooling in the cold wake is near 3.78C and located at 1-2 radii of the maximum winds (R max ) behind the storm center. This is also in good agreement with previous studies (Price 1981) . Temperature and TKE profiles are shown in Fig. 4d at locations a and b (indicated by the dots in Fig. 4c ) of R max and 2R max to the right of the storm track. They show strong upwelling (a temperature decrease throughout the entire water column) at R max and weak downwelling at 2R max . The mixed layer depth is increased to about 120 m at 2R max due to both intense turbulent mixing and downward motion. The TKE profile has its maximum underneath the mixed layer where the vertical velocity shear is the largest. This causes the entrainment of cold thermocline water into the mixed layer and the reduction of SST.
The ocean response in this and other experiments typically reaches a quasi-steady state relative to the TC center after about 78 h of model integration. In the following sections, we will therefore analyze the model fields at t 5 84 h in the rectangular region with black dashed boundaries shown in Fig. 4b .
b. Effect of air-sea momentum flux budget on the momentum flux and ocean response
The effect of the air-sea momentum flux budget on the momentum flux into the subsurface currents is shown in Fig. 6a (experiment A) , where t c is calculated using Eqs. (8) and (9). It is seen that the ratio of | t c | and | t air | is reduced by 6% in the right rear quadrant of the TC. There is also a small clockwise rotation by a few degrees between t c and t air . The impact of the reduced momentum flux into the ocean on the surface currents is presented in Fig. 7a , which shows the current vector difference between experiment A and the control experiment as well as its magnitude (in color). The effect of the reduced flux on the current direction is negligibly small, but the current speed is reduced by up to 0.11 m s 21 , mostly on the right side of the TC track. As shown in Fig. 8 , the spatially averaged TKE profile (calculated in the black dashed box in Fig. 4b ) in experiment A (black solid line) reaches its maximum at the same depth as the TKE profile in the control experiment, but with smaller magnitude. With less turbulent mixing in the upper ocean, the SST in the cold wake is increased by up to 0.38C, which corresponds to about a 10% reduction of the SST cooling compared with the control experiment (Fig. 9a) . Also, notice an area with enhanced t c in the upper right corner of Fig. 6a . This is because large waves propagate into smaller waves in this region and give up momentum to the subsurface currents (FanA; FanB). 
c. Effect of wind-wave-current interaction on the ocean response
In experiment B (see diagram in Fig. 3) , the effect of wind-wave-current interaction is considered. However, the air-sea momentum flux budget is not considered; that is, the ocean model is forced directly by the wind stress. The ratio between the wind stresses in experiment B and the control experiment is presented in Fig.  6b . The magnitude of the wind stress is reduced by up to 10% in the right rear quadrant of the TC where the surface current is the strongest (Fig. 4b) . Interestingly, there is an area at ;300 km behind the TC where the wind stress in experiment B is larger than that in the control experiment. This is because the current and wind vectors have opposite directions. But, since this area is far away from the TC center where the winds are weak, the increase of wind stress does not affect the ocean response appreciably. The reduced wind stress in experiment B causes a reduction of the surface current speed up to 0.2 m s 21 to the right of the storm track (Fig.  7b ) compared to the control experiment. As a result, the turbulent mixing in the upper ocean is reduced (Fig. 8 ) and the SST in the cold wake is increased by up to 0.58C (Fig. 9b) relative to the control experiment.
Experiment C is as in experiment B except the ocean current U c is neglected in the wave action equation (1). The ratio between the wind stresses in this experiment and the control experiment is shown in Fig. 6c . It is evident that this figure and Fig. 6b are almost identicalthe percentage differs by less than 1% everywhere between the two figures. This indicates that the reduction of the wind stress seen in experiment B is primarily due to the subtraction of U c from U 10 in the WBLM rather than to the effect of ocean currents on the wave actions. As the wind stresses in experiments C and B are almost the same, so are the TC-generated surface currents (Figs. 7c), TKE profiles (Fig. 8) , and SST cooling (Figs. 9c).
d. Effect of wind-wave-current interaction on the wave field
Next, we consider the TC-generated surface waves in each experiment. Comparing the wave fields in the control experiment ( Fig. 5a ) and experiment B (Fig.  5b) , we notice that the significant wave height H s in experiment B is significantly reduced in the right front quadrant of the TC owing to the impact of surface currents. Figure 10 shows the locations of H s maxima relative to the storm center in all experiments. In experiment B, the location of the H s maximum (L2) is shifted by about 15 km in the direction of the storm motion from its location in the control experiment (L1). The directional wavenumber spectra at locations L1 and L2 are shown in Fig. 11 and the frequency spectra in Fig. 12 . The significant wave height is lower and the Fig. 4b for experiments A, B , C, and D compared with the control experiment.
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dominant wavelength is shorter at both locations when the current effect is included. The maximum significant wave height is reduced from 17.0 to 14.7 m and the dominant wavelength is reduced from 359 to 319 m. Another important effect of the wave-current interaction is a reduction of the frequency spectra and a shift of the spectral peak to higher frequencies (Fig. 12) . To interpret the above results we examine the wavecurrent interaction using the wave action equation (1). As the direction of the ocean current at locations L1 and L2 is almost the same as the direction of the storm motion and the direction of the dominant waves is about 158 to the left (Fig. 11) , we can consider for simplicity a one-dimensional approximation of Eq. (1). We can also neglect the time tendency term because both the current and wave fields are in quasi-steady state relative to the storm. Equation (1) in a storm-following coordinate then becomes
where U t is the hurricane translation speed (U t 5 5 m s 21 in our experiment) and s is a coordinate measured from the location of interest (L1 or L2) in the direction of current and waves. When waves are compressed or stretched by a spatially varying current, the resulting modulation of the wave action is expressed by the term
This is mostly balanced by the first (advection of wave action) term
for lower frequencies because the forcing term is relatively small. Notice that the current is largest around locations L1 and L2 (Fig. 5b) ; hence, ›U c /›s . 0 for s , 0 and ›U c /›s , 0 for s . 0. Since k›N/›k is always negative, we have 
Then, the sign of ›N/›s is determined by the sign of U c 1 C g À U t , that is, depending on whether the wave packet propagates faster or slower than the TC. When U c 5 2 m s 21 , U c 1 C g À U t is always positive for lower frequencies, and the spectra in the maximum current region are reduced. However, as the wave frequency increases, the forcing term in (10) becomes increasingly important and the modulation of the spectrum is reduced. Such a trend is indeed observed in Fig. 12 . Also notice that because of the horizontal current shear, the angular distribution of the wave energy is widened. This result is consistent with the Tolman et al. (1996) study of wave interference with the Gulf Stream. When the ocean current is neglected in the wave action equation in experiment C, we find that the resulting wave fields are quite different from those in experiment B. The maximum significant wave height is reduced by only 0.7 m compared to the control case (Fig. 5c ), and its locations and the dominant wave direction are virtually the same as the control case (Fig. 10) . These results indicate that the modulation of the wave actions by the ocean current is primarily responsible for the differences in the wave fields between experiment B and the control experiment. We can also conclude that the reduction of the wind stress input to the WWIII due to the subtraction of U c from U 10 in the WBLM, which is included in experiment C, has a very small effect on the wave field.
e. Full wind-wave-current coupling
In experiment D we apply the fully coupled windwave-ocean model (see the diagram in Fig. 1) including the air-sea flux budget calculation. The ratio between jt c j in this experiment and jt air j in the control experiment is presented in Fig. 6d . Comparing this ratio with those in experiments A-C, we notice that the magnitude of the momentum flux into the ocean is further reduced to as low as 86% in the right rear quadrant of the TC, where the ocean current is the strongest and the spatial gradient in the wave field is the largest. There is some small rotation of t c to the right of t air by a few degrees due to the spatial variation of the wave field. The reduction of the surface current in the TC wake is the largest (up to 0.25 m s 21 , Fig. 7d ) and the averaged TKE profile shows the smallest magnitude among all experiments (Fig. 8) . The SST is increased by up to 0.658C (Fig. 9d) ; that is, the SST cooling is reduced by approximately 20% compared to the control experiment ( Fig. 4c) . Figures 13a and 13b show the vertical temperature profile time series in the upper 250 m at a location 70 km to the right of the track in the control experiments and experiment D. The mixed layer depth, shown by the black lines, is defined to be the lowest sigma level at which the difference between the SST and the temperature at that sigma level is less than 0.58C. The temperature profiles show the cooling throughout the mixed layer after the passage of the storm center. Not only is the SST cooling reduced in experiment D, but the mixed layer depth also becomes shallower compared to the control experiment. Upwelling due to the Ekman divergence caused by the cyclonic winds (positive wind stress curl) and oscillations of the isotherms at a nearinertial period (the inertial period is 28.8 h for this study) are evident following the storm passage. Figure 13c shows the difference between the temperatures in experiment D and the control experiment. The warmer (colder) temperature anomalies in the thermocline indicate that the upwelling (downwelling) rates are less in experiment D compared to the control experiment. This clearly implies that the wind-wave-current interaction processes at the air-sea interface affect not only the upper mixed layer but also the thermocline below. 
Summary and conclusions
In this paper, we have investigated the wind-wavecurrent interaction processes at the air-sea interface in TCs. We have examined their effect on the momentum fluxes into the ocean and wave models and the resulting changes in the ocean and surface wave field responses. We developed a coupled wind-wave-ocean model that includes three key processes that affect the air-sea momentum flux: sea state dependence, momentum flux budget at the air-sea interface, and wave-current interaction. The model consists of the WAVEWATCH III wave model, the Princeton Ocean Model, the wave boundary layer model by Moon et al. (2004a) , and the air-sea momentum flux budget model.
A set of idealized numerical experiments was conducted in which a TC, represented by a simple surface wind model, moved over the ocean with constant speed. In the control experiment, the wave and ocean models were forced by the wind stress calculated in the wave boundary layer model. In experiment A, the effect of the air-sea momentum flux budget on the momentum flux into the subsurface currents was included. In experiments B and C, different feedback mechanisms of the ocean current on the wind stress and the wave field were analyzed. In experiment D, the effect of full windwave-current coupling was investigated.
We found that a growing surface wave field may take a significant fraction of the momentum flux from air. The momentum flux into subsurface currents was reduced compared to the wind stress by as much as 6% in experiment A. This effect was most significant in the right rear quadrant of the TC where the wave field had the largest spatial gradients. The reduction of the mo-mentum flux into the ocean consequently reduced the magnitude of the subsurface current and sea surface temperature cooling to the right of the storm track. The SST in the cold wake was increased by up to 0.38C; that is, the cooling was reduced by about 10% compared to the control experiment.
The inclusion of the wave-current interaction in experiment B also led to reduction of the momentum flux into the ocean in the right rear quadrant of the TC. This reduction was mainly due to subtraction of the surface current velocity from the wind speed when the wind and current vectors are closely aligned. In this experiment, the surface current was reduced by up to 0.2 m s 21 and the maximum SST cooling in the cold wake was reduced by 0.58C compared to the control experiment. In the fully coupled wind-wave-current experiment with the air-sea momentum flux budget calculation, the momentum flux into the ocean was reduced by up to 14% and the maximum SST cooling in the cold wake was reduced by 0.658C, which is about 20% of the maximum cooling in the control experiment. The warmer (colder) temperature anomalies in the thermocline indicate that the upwelling (downwelling) rates are less in experiment D compared to the control experiment. The wind-wave-current interaction processes therefore affected the rates of upwelling/downwelling in the thermocline after the storm passage. We found that the wave field was also significantly affected by the wind-wave-current interaction. The maximum of the significant wave height was reduced in the right front quadrant of the TC from 17.0 to 14.7 m and the dominant wavelength was reduced from 359 to 319 m. The location of the maximum significant wave height was shifted by about 15 km in the direction of the storm motion. Another important effect of the wavecurrent interaction was a reduction of the frequency spectra at lower frequencies and a shift of the spectral peak to higher frequencies. From the analysis of the wave action equation we concluded that the wave field was mostly modulated by the horizontal gradient of the currents and the horizontal current advection of waves. The reduction in the momentum flux due to the differences between the wind and current velocities had a very small effect on the wave field response.
In summary, our numerical modeling study suggests that the wind-wave-current interaction processes in TCs may have significant effects on the wave and ocean responses. This may have important feedbacks on the TC track and intensity. For example, the reduction of the storm-induced SST cooling may lead to an increase of the TC intensity. We plan to investigate these feedbacks in our future modeling studies. which gives w 0 5 e 6kz . Since w 5 0 when z ! 2', we have w 0 5 e kz ,
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As the mean wavelength is always less than 300 m in our calculation, it is safe to assume ›U/›z j j( ffiffiffiffiffiffiffi ffi 4gk p ; then we can expand (A20) to 
Therefore, the apparent phase speed s / k of the wave train is modified by the current speed U (in the direction of the wave propagation) at the depth of 1 / 2k 5 L / 4p, where L is the wavelength, provided the vertical profile of the mean current is approximately linear. Notice also that the current V perpendicular to the wave direction does not affect the wave phase speed.
